INTRODUCTION {#s1}
============

Colorectal cancer (CRC) is among the leading causes of mortality and morbidity throughout the world, thus representing a major public health problem. It is the second- and third-most commonly diagnosed cancer in females and males, respectively \[[@R1], [@R2]\]. Metastasis is the major cause of death for patients with CRC and increases the risk of tumor recurrence \[[@R3]\]. Fluoropyrimidine is an antimetabolite used as the first-line chemotherapeutic agent of various cancers. However, the response rates of 5FU for advanced CRC is only 10--15%\[[@R4]\]. Fluoropyrimidine-based chemotherapy (e.g., 5-fluorouracil (5FU)) has been the cornerstone of treating advanced CRC for over a half century. However, nearly all patients receiving chemotherapy finally develop drug resistance, and this has been a major obstacle to improving the efficiency of colorectal cancer treatment \[[@R5]\]. Thus, revealing the underlying mechanism and finding new therapeutic approaches are necessary for developing effective therapies for colorectal cancer patients.

Chemotherapy is a systemic treatment that destroys reproducing cells, but it cannot differentiate between normal and cancerous cells. Side effects occur when normal cells become damaged. Moreover, resistance to chemotherapy has been more and more common, mostly due to the drug accumulation \[[@R6]\] or enhancement of DNA repair \[[@R7]\] and activation of detoxification \[[@R8], [@R9]\]. A major reason for CRC chemoresistance is to resist drug-induced cell death through disruptions of apoptotic pathways \[[@R10]\]. It is widely accepted that 5FU exerts its anti-tumor effect mainly by targeting a serious of enzymes including thymidylate synthase (TS). Thus, TS participates in the regulation of cell proliferation process and can be inhibited by 5FU treatment, especially for patients receiving standard 5FU based chemotherapy regimens.

During the past decade, large-scale sequencing efforts and the ENCODE project have revealed that a large fraction of the human noncoding genome is transcribed \[[@R11]\]. Noncoding RNAs (ncRNA) are found throughout the genome. The function and clinical significance of short ncRNAs, such as miRNA and siRNA were elucidated first and then, long noncoding RNAs (lncRNAs) were reported more recently. Among more than 3000 human lncRNAs, less than 1% have been functionally characterized, but some of these are involved in normal development and in diseases, including cancer \[[@R12]\]. Recent extensive annotation of lncRNAs has been performed in multiple model organisms, revealing that theyare often expressed in a spatial- and temporal-specific pattern. Moreover, a large amount of lncRNAs has been recognized as promising biomarkers for diagnosis and prognosis as well as critical regulators of pathways involved in cancer progression including NSCLC, gastric cancer and CRC \[[@R13]-[@R16]\]. However, the association of specific lncRNA expression with 5FU resistance in CRC is not well known.

In the current study, a high-throughput Hiseq sequencing was firstly performed to find the potential aberrant lncRNAs. Then, the reverse transcription quantitative real-time PCR (RT-qPCR) assays were used to validate the upregulation or downregulation of those lncRNAs in both primary tissues and serums from CRC patients receiving 5FU treatment, and these lncRNAs may directly participate in the development of chemoresistant process in CRC. The results indicated that the enhanced lncRNA XIST expression was correlated with clinical outcome of 5FU based treatment. Additionally, XIST restrained the 5FU- induced cell cytotoxicity through EZH2.

RESULTS {#s2}
=======

Discovery of potential lncRNAs by Hiseq sequencing method {#s2_1}
---------------------------------------------------------

Four tissue samples pooled from CRC patients showing response and four from patients showing no response to 5FU treatment was subjected to Hiseq sequencing. On the basis of the date obtained from Hiseq sequencing, we then identified 677 lncRNAs that were differently expressed more than 2-fold chage. Subsequently, we narrowed the scope of the study to the 100 most aberrant expressed RNAs, including 50 up-regulated lncRNAs and 50 down-regulated lncRNAs (shown in the heat map, Figure [1](#F1){ref-type="fig"}). These lncRNAs should be easily detected with a Ct value less than 35, easily designed primers and have stable experssion in both primary tissues and serum samples. According those definition, we finally restricted to six lncRNAs from three of up-regulated group and three of down-regulated group (Table [1](#T1){ref-type="table"}). In addition, Another four lncRNAs were brought into our study, as they were reported to have potential function in the development of 5FU resistance in CRC \[[@R17]-[@R20]\]. Thus, we discovered 10 candidate lncRNAs which may be potential biomarkers for CRC patients receiving 5FU treatment, pending further validation.

![The heat map shows expression of the 100 lncRNAs most up- or down-regulated in CRC responding compared with non-responding patients to 5FU treatment\
The top 50 lncRNAs up- and down-regulated in non-responding group are shown in the top and bottom halves, respectively. The heat map was generated with an R package using normalization across rows (tissues).](oncotarget-08-83171-g001){#F1}

###### Candidate lncRNAs selected on a basis of the Hiseq analysis

  Seq name    Location      Regulation (NR vs R)   Fold change   *P* value
  ----------- ------------- ---------------------- ------------- ------------
  LOC339505   Chr1p36.12    Up                     93.2865913    0.00002894
  XIST        ChrXq13.2     Up                     63.9830265    0.00301645
  LINC00277   Chr15q23      Up                     28.3927551    0.00718443
  LOC643401   Chr5p14.1     Down                   52.4439156    0.00054537
  LMF1        Chr16p13.3    Down                   33.6422393    0.00176431
  DGCR5       Chr22q11.21   Down                   25.9623587    0.01439265

NR: non-response; R: response.

LncRNA XIST is up-regulated in CRC patients showing non-response to 5FU treatment {#s2_2}
---------------------------------------------------------------------------------

RT-qPCR was performed to further test the 10 lncRNAs selected through the Hiseq sequencing method by using 70 primary CRC tissues from patients showing objective response to treatment and 70 from patients showing no response. Among these, four lncRNAs (XIST, UCA1, CCAL, DGCR5) were found significantly dysregulated in responding tissues compared with non-responding tissues (Table [2](#T2){ref-type="table"}). Take a step further, lncRNA XIST, UCA1, CCAL and DGCR5 were further validated in an another group of 120 of serum specimens from 60 CRC patients showing response and 60 showing no response. Among the four candidate lncRNAs, only lncRNA XIST was significantly desregulated with a dramatically elevated expression in patients that showed no response compared to patients that showed response to 5FU (Figure [2](#F2){ref-type="fig"}). Thus, we focus on the role of XIST in 5FU chemoresistance.

###### Expression of 10 candidate lncRNAs in CRC patients showing response or non-response to 5FU treatment \[median (interquartile range)\]

  LncRNA      Response           Non-response       *P* value
  ----------- ------------------ ------------------ -----------
  LOC339505   1.59 (0.47-2.32)   1.86 (1.15-2.67)   0.28
  XIST        0.97 (0.41-1.95)   1.69 (0.49-2.44)   \<0.01
  LINC00277   1.08 (0.33-2.14)   1.27 (0.50-2.99)   0.17
  UCA1        0.87 (0.21-1.78)   1.51 (0.32-2.08)   \<0.05
  PANDAR      1.46 (0.40-2.07)   1.65 (0.64-2.87)   0.57
  MALAT1      1.07 (0.31-2.23)   1.37 (0.29-2.03)   0.21
  CCAL        1.36 (0.40-2.39)   1.94 (0.35-2.79)   \<0.05
  LOC643401   1.35 (0.26-2.09)   1.02 (0.30-1.88)   0.07
  LMF1        1.22 (0.59-2.20)   0.98 (0.33-1.76)   0.15
  DGCR5       1.48 (0.46-2.31)   0.93 (0.27-1.99)   \<0.01

![Concentrations of four identified serum lncRNAs in CRC patients showing response (n=60) and non-response (n=60) to 5FU treatment using RT-qPCR assay in validation cohort **(A-D)**. Error bars represent median ± SD (Standard Deviation). \*\*, P\<0.01 by Mann-Whitney U test.](oncotarget-08-83171-g002){#F2}

Increased expression of serum XIST indicates poor response to 5FU treatment in CRC patients {#s2_3}
-------------------------------------------------------------------------------------------

After having validated the up-regulation of lncRNA XIST in non-responding CRC patients, we further investigated if XIST had clinical predictive value for 5FU treatment among CRC patients. Thus, receiver operator characteristic (ROC) curve analysis was firstly performed to evaluate the potential diagnostic value of XIST in patients receiving 5FU based therapy. Our date showed that the area under the ROC curve (AUC), diagnostic sensitivity and specificity were 0.756, 71.7% and 68.3%, respectively (Figure [3A](#F3){ref-type="fig"}). we then divided these patients into high (63 patients) and low (57 patients) XIST level groups on the basis of the cut-off value (1.38) obtained from the ROC curve. In high XIST level group, the responding patients occupies 31.75% of all, while this proportion in low XIST level group was 70.15%, which is significantly higher than that in high XIST level group (Figure [3B](#F3){ref-type="fig"}). Finally, Kaplan-Meier survival analysis further suggested that patients showing high XIST expression level indicated a relatively poor overall survival rate and recurrence-free survival rate (P=0.002 and 0.014, respectively. Figure [3C](#F3){ref-type="fig"} and [3D](#F3){ref-type="fig"}). Furthermore, we performed Cox regression univariate/mutivariate analysis to identify whether XIST or other clinical parameter is an independent indicator for overall survival of CRC patients who received 5FU based therapy. The results indicated that serum XIST level, TNM stage and distant metastasis were identified as potential independent prognostic factors for overall survival of CRC patients receiving 5FU treatment (Table [3](#T3){ref-type="table"}).

![Increased serum XIST expression was associated with poor response to 5FU treatment in CRC patients\
**(A)** ROC curves for differentiating the responding patients from non-responding patients of CRC using XIST expression in validation cohort. **(B)** The proportion of patients that responded to 5FU treatment was significantly lower in the high XIST expressing group than in the low expressing group. **(C-D)** Kaplan-Meier curves for OS (C) and RFS (D) according to serum levels of XIST in CRC patients in validation cohort.](oncotarget-08-83171-g003){#F3}

###### Univariate and multivariate Cox proportional hazards regression model analysis of factors for OS in patients with CRC in validation cohort

  Characteristics      Univariate analysis   Multivariate analysis                                 
  -------------------- --------------------- ----------------------- ------- ------- ------------- -------
  Gender               1.023                 0.609-2.027             0.694                         
  Age                  1.508                 0.732-2.893             0.192                         
  Tumor size           1.667                 0.545-2.831             0.220                         
  Differentiation      1.891                 1.034-3.257             0.077                         
  Local invasion       1.548                 0.948-2.769             0.144                         
  Distant metastasis   2.625                 1.577-3.836             0.010   2.701   1.495-4.432   0.008
  TNM stage            2.257                 1.144-3.506             0.037   2.209   1.112-3.417   0.043
  Serum XIST level     1.927                 0.381-2.234             0.005   1.990   0.378-2419    0.007

XIST is up-regulated in 5FU-resistant CRC cell lines {#s2_4}
----------------------------------------------------

After having uncovered the clinical diagnostic and prognostic function of lncRNA XIST in CRC chemotherapy, we then investigated the experimental role of XIST of how it can exert the pro-oncogenic role for CRC chemoresistance. CRC cell lines HT29 and HCT116 were sustained treated with 5FU with a concentration from low dose to relatively high dose (2 μg/mL) to establish the HT29 5FU-R cell line and HCT116 5FU-R cell line (Figure [4A](#F4){ref-type="fig"}). The established 5FU-resistant cells were maintained and exposed to 2 μg/mL 5FU unless otherwise indicated. As shown in Figure [4B](#F4){ref-type="fig"}, both HT29 5FU-R and HCT116 5FU-R cells showed elevated cell viability compared with HT29 and HCT116 parental cells when incubated with 2 μg/mL concentration of 5FU. On the other hand, the dose-effect curve indicated that the IC~50~ of 5FU on HT29 5FU-R cells was 11.50 μg/mL, while the IC~50~ of 5FU on HT29 parental cells was 1.85 μg/mL, which means that the HT29 5FU-R cells was 6.2 times the ability of 5FU resistance of HT29 parental cells. Similarly, the HCT116 5FU-R cells was 4.7 times the ability of 5FU resistance of HCT116 parental cells (10.95 μg/mL: 2.33 μg/mL, Figure [4C](#F4){ref-type="fig"}). After the 5FU-resistant CRC sub-lines were established, we determined the XIST expression level, and found that XIST was significantly up-regulated in HT29 5FU-R and HCT116 5FU-R cells compared with wild-type HT29 and HCT116 cells, respectively (Figure [4D](#F4){ref-type="fig"}).

![XIST is up-regulated in 5FU-resistant CRC cell lines\
**(A)** The CRC cell line HT29 and HCT116 that had acquired resistance to 5FU at the clinically relevant concentration of 2 μg/mL were built as described in Methods. The built 5FU-R cells induced specific morphologic changes consistent with epithelial-mesenchymal transition (EMT), including loss of cell polarity causing a spindle-cell morphology, increased intercellular separation signifying loss of intercellular adhesion, and increased formation of pseudopodia (arrows). **(B)** Both HT29 5FU-R and HCT116 5FU-R cells showed elevated cell viability compared to HT29 and HCT116 parental cells when incubated with culture medium containing 2 μg/mL concentration of 5FU. **(C)** The concentration-effect curve indicated that the IC~50~ values of 5FU for HT29 5FU-R (11.5 μg/mL) and HCT116 5FU-R cells (10.95 μg/mL) were significant higher than that for HT29 (1.85 μg/mL) and HCT116 parental cells (2.33 μg/mL). **(D)** The expression of XIST in HT29 5FU-R and HCT116 5FU-R cells were significantly higher than that in HT29 and HCT116 parental cells, respectively. Error bars represent SD. \*, P\<0.05 by Mann-Whitney U test.](oncotarget-08-83171-g004){#F4}

Knockdown of XIST reverses chemoresistance in 5FU resistant cells {#s2_5}
-----------------------------------------------------------------

After having found the up-regulation of XIST in both 5FU resistant patients and cell lines, we subsequently determined the role of XIST in CRC resistance, we silenced XIST expression in CRC cell lines by small interfering RNA. As shown in Figure [5A](#F5){ref-type="fig"}, the knockdown effect was best using si-XIST-3 compared to si-XIST-1 and si-XIST-2. Thus we choose si-XIST-3 for further experiments. Our results showed that cell viability was significantly damaged when XIST was silenced in HT29 5FU-R and HCT116 5FU-R cells after being incubated with 5FU (Figure [5B](#F5){ref-type="fig"}). This suggests that XIST knockdown reverses the 5FU resistance in CRC cells.

![Knockdown of XIST reverses 5FU resistance in 5FU resistant CRC cells\
**(A)** XIST expression level was significantly decreased after transfection of si-XIST in both HT29 5FU-R and HCT116 5FU-R cells. **(B)** Cell viability was significantly damaged when XIST was silenced in HT29 5FU-R and HCT116 5FU-R cells compared with negative control, respectively. Error bars represent SD. \*, P\<0.05 and \*\*, P\<0.01 by Mann-Whitney U test.](oncotarget-08-83171-g005){#F5}

LncRNA XIST inhibits 5-FU-induced cell death through promoting TS expression {#s2_6}
----------------------------------------------------------------------------

To directly validate that XIST induces 5-FU resistance in CRC cells, we treated parental HT29 and HCT116 cells with a concentration gradient from 0-5 μg/mL 5-FU after being transfected with p-XIST or negative control. The concentration-effect curve showed that p-XIST transfection significantly restrained the 5FU-induced cell death compared with the negative control in both HT29 and HCT116 cells (Figure [6A](#F6){ref-type="fig"}). Additionally, the IC~50~ values for 5-FU were 1.79 and 1.93 times higher in both cells after overexpression of XIST with p-XIST than that in non-transfected cells, respectively. As 5FU suppresses tumor progression mainly by targeting TS enzyme, we suspected that XIST may induce 5-FU resistance through influencing the TS expression in CRC. As expected, western blotting showed that p-XIST significantly promoted while si-XIST suppressed the expression of TS enzyme (Figure [6B](#F6){ref-type="fig"}). More importantly, Immunofluorescence analysis also verified this negative regulation mode in HT29 cells (Figure [6C](#F6){ref-type="fig"}). Thus, we conclude that XIST could induce 5-FU resistance in CRC cells through promoting TS enzyme expression.

![LncRNA XIST restrains 5-FU-induced cell cytotoxicity through promoting TS expression\
**(A)** The dose-effect curve showed that p-XIST transfection inhibited the 5FU-induced cell death compared with the p-Vector control in HT29 and HCT116 cells. **(B)** Western blotting showed that TS protein was silenced by si-XIST-3 while up-regulated by p-XIST. **(C)** Immunofluorescence assay showed that enhanced XIST promoted the expression level of TS in HT29 cells. \*\*, P\<0.01 by Mann-Whitney U test.](oncotarget-08-83171-g006){#F6}

DISCUSSION {#s3}
==========

CRC is one of the most malignant tumors in both males and females all around the world. Despite recent therapeutic regimens that have significantly increased survival in metastatic disease, invariably, nearly all tumors become chemoresistant \[[@R21]\]. Thus, searching new therapeutic approach and targets, and better understanding the pathway related to chemoresistance is essential for improving the prognosis of CRC patients. In our study, high-throughput HiSeq sequencing was firstly employed to search for potential lncRNAs that may help improving the efficacy of 5FU treatment in CRC. Then, the selected lncRNAs were then detected and validated in different specimens such as primary tissues and serums from patients that have received 5FU based therapy, which can assure a relative high accuracy of the date. LncRNA XIST was then screened out as the most promising lncRNA among the candidates, and its high diagnostic value was also observed in view of high AUC, diagnostic sensitivity and specificity by ROC curves. Additionally, Kaplan-Meier analysis suggested that high XIST expression was correlate with poor chemoresponse and survival rate for CRC patients that received 5FU based therapy. More importantly, we logically demonstrate that XIST inhibits 5-FU-induced cell cytotoxicity by the promotion of TS enzyme expression in CRC cell lines.

Large-scale complementary DNA cloning projects have identified that majority of the mammalian genome is transcribed, and only minority of these transcripts represent protein-coding genes. Like other solid tumors, CRC is thought to initiate andprogress through a series of genetic and epigenetic alterations \[[@R22]\]. The advance in sequencing technologies has facilitated the use of genome sequencing for cancer genome studies, including CRC genomes \[[@R23]\]. However, this sequencing technologies are not well studied in chemoresistance in cancers. In current study, we sought to identify one or more lncRNAs that may have function in the formation of resistance to the common drugs, such as 5-FU. As we know, one lncRNA may expressed different levels in different samples and different diseases. Thus, different clinical materials were used to ensure that the selected lncRNAs are qualified to the use in clinical practice. Moreover, we enrolled a relatively large sample group to ensure the steady expression of candidate lncRNAs. With this unabridged research strategy, we identified only one significantly altered lncRNA, XIST. Other three lncRNAs (UCA1, CCAL, DGCR5) were also included by the first screening but excluded by the validation analysis. Moreover, these three lncRNAs were not reported to be involved in the 5FU resistance in CRC.

Evidence has shown that lncRNAs may serve as effectivetherapeutic targets for cancer treatment, including breast cancer, prostate cancer, colon cancer, and HCC \[[@R24]\]. However, only a few lncRNAs have been functionally characterized. LncRNA XIST is required for transcriptional silencing of one X-chromosome during female mammal development. It plays a signifcant role in the differentiation, proliferation, and genome maintenance of human cells \[[@R25]\] and abnormal expression often contributes to the development of human cancer \[[@R26]\]. For instance, lncRNA XIST expression is up-regulated in glioma tissues and promotes cell proliferation and invasion \[[@R27]\]. And its overexpression is highly associated with occurrence, growth, invasion, and metastasis in ovarian cancer \[[@R28]\]. Moreover, Huang et al revealed that XIST expression is associated with responses of ovarian cancer to chemotherapy \[[@R29]\]. However, the role of lncRNA XIST in CRC chemoresistance is still poorly understood. Our results clearly showed that the ratio of CRC patients that showed chemoresponse to 5FU treatment is dramatically higher in the low expressing XIST patient group than in the high XIST level group. Most importantly, patients with high serum XIST expression were suspected to have lower overall survival rate and recurrence-free survival rate after having received 5FU treatment. Collectively, we reveal that XIST is a lncRNA highly expressed in chemoresistant CRC patients and closely correlated to objective response to 5FU treatment.

Based on the above observations, we then sought to verify the underlying regulatory pathway that may explain those findings. By establishing two 5FU resistant cell lines, we revealed that XIST expression level was significantly increased in 5FU resistant cells compared with the parental cells. More importantly, knockdown of XIST partially reversed the 5FU resistance while enhanced XIST expression significantly suppressed 5FU-induced cell cytotoxicity in CRC cell lines, leading to chemoresistance. 5FU exerts it function of anti-tumor effect by creating fluorinated nucleotides by based on multiple mechanisms. Fluorinated nucleotides are incorporated into DNA in place of thymidine, thus preventing DNA replication and inducing cell death. Moreover, 5FU is a prodrug that experienced several intracellular enzymatic steps before it can be converted to its active metabolites, such as fluorodeoxyuridine monophosphate (FUDR-MP). FUDR-MP is the primary active metabolite that inhibits the enzyme TS, a key enzyme in the creation of the DNA nucleotide thymidine. TS functions during the reductive methylation of deoxyuridine monophosphate to deoxythymidine monophosphate, with low level of folate 5,10-methylenetetrahydrofolate as the methyl donor \[[@R30]\]. Thus, TS has been well accepted as one of the most important target of common chemotherpay regimens, such as 5FU and irinotecan \[[@R31]\]. As expected, TS enzyme was dramatically silenced by overexpression of XIST while up-regulated by XIST knockdown. These date indicate that lncRNA XIST can induce 5FU resistance in CRC cells through promoting the expression of TS enzyme.

To conclude, our integrated research strategies have demonstrated that lncRNA XIST expression is up-regulated in CRC patients who are resistant to 5FU treatment, and closely associated with chemoresponse status to 5-FU treatment. We also reveal that XIST can promote 5FU chemoresistance and influence 5FU-induced cell cytotoxicity through promoting TS expression. These indicate that overexpression of XIST confers a potent poor therapeutic efficacy. Thus, XIST may be a potential functional biomarker and therapeutic target in CRC patients.

MATERIALS AND METHODS {#s4}
=====================

Clinical samples {#s4_1}
----------------

A multiphase, case--control study was designed to identify lncRNAs as potential biomarkers for differentiating chemo-response to 5FU therapy in CRC. Tumor response status was evaluated according to the Response Evaluation Criteria in Solid Tumors (RECIST) version 1.0 criteria and was assigned to patients with complete or partial response (CR and PR, respectively) and stable or progressive disease (SD and PD, respectively) in tumor measurements confirmed by repeat studies performed no less than four weeks after the criteria for response was first met. Briefly, 268 patients diagnosed with CRC but without other diseases were recruited from Hospital of Shupyk National Medical Academy between June 2010 and July 2013. All these participants were allocated to three phases. In the initial screening phase, tissue samples pooled from four patient showing response (CR and PR) and four patients showing no response (SD and PD) were subjected to Hiseq sequencing, to identify lncRNAs significantly differentially expressed. In the training phase, the candidate lncRNAs were tested with RT-qPCR in an independent cohort of primary tissues from 70 CRC patients responding to 5FU treatment and 70 patients showing no response to treatment. In the validation phase, another independent group of 120 CRC patients who provided serum samples were enrolled. Among these patients, there are 60 patients showing response to 5FU treatment while the other 60 patients showing no response.

All the patients were pathologically confirmed and the clinical tissue samples were collected before chemotherapy was started. They were classified according to the WHO criteria and staged according to the tumor-node-metastasis (TNM) classification. Fresh tumor tissues were immediately cut from the resected CRC tissue and kept at -80°C until RNA extraction. Venous blood was collected and centrifuged at 4000 rpm for 10 min, within 2 h. The supernatant fluids were then collected and further centrifuged at 12,000 rpm for 15 min to completely remove the cell debris. The whole process was strictly controlled to avoid hemolysis, and the supernatant serum was stored at -80°C, until analysis. Overall survival (OS) was updated on 1 February 2012 and was defined as the time from inclusion to death for any reason. Recurrence free survival (RFS) was defined as the time from inclusion to recurrence or metastasis progression. Written informed consent was obtained from all patients according to local ethical regulations of the Ethics Committee of Shupyk National Medical Academy.

Hiseq sequencing {#s4_2}
----------------

The Hiseq sequencing work was performed by Kangchen Bio-tech (Shanghai, China). Total tissue RNA was extracted by one-step extraction using a Trizol kit (Life Technologies, USA), and the purity and quantity of RNA were determined by UV spectrophotometry. cDNA library construction and sequencing were performed according to previously described methods \[[@R32]\]. Briefly, after extraction of total RNA, ribosomal RNA was separated to isolate as ncRNA as possible. RNA containing poly(A) was then removed. RNA fragments were broken into short fragments randomly. The first chain of cDNA was generated using RNA fragments as templates and 6-bp random primers. Second chain of the cDNA was synthesized according to the kit's instruction (TakaRa Bio Company, Dalian, China). After purification, end repair, base A and sequencing joint adding, the generated cDNA was fragmented using uracil-N-glycosylase (UNG). cDNA fragments were chosen according to size, then PCR amplification was performed to establish the complete sequencing cDNA library. LncRNAs were sequenced using the high-throughput, high-sensitivity HiSeq 2500 sequencing platform (Illumina Company, USA). Sequencing results were analyzed and treated using Trim Galore software to dynamically remove joint sequence fragments and low-quality segments from the 3' end. FastQC software was used for quality control of the pretreated data.

Cell culture {#s4_3}
------------

The human CRC cell lines HT29, HCT116, and FHC (human fetal normal colonic cell) were obtained from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China) in 2015. CRC cell lines were maintained in RPMI 1640 (Thermo Fisher Scientific, Wilmington, DE, USA) containing 10% FBS (fetal bovine serum) (Sigma-Aldrich, St. Louis, MO, USA), 100 U/ml penicillin, and 100 g/ml streptomycin (Life Technologies, Grand Island, NY, USA) at 37°C in 5% CO~2~ and 95% air. Normal colon FHC cells were grown in DMEM/F12 medium with 10% FBS, 10 ng/mL cholera toxin, 5 μg/mL transferrin, 5 μg/mL insulin, 100 ng/mL hydrocortisone and additional 10 mmol/L HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) at 37°C in 5% CO~2~ and 95% air. The cell lines passed the DNA profiling test (STR).

Development of 5FU-Resistant (5FU-R) CRC cell lines {#s4_4}
---------------------------------------------------

HT29 5FU-R cell line was developed by exposing parental HT29 and HCT116 cells to an initial dose of 0.1 μg/mL 5FU (Sigma-Aldrich) in RMPI 1640 plus 10% FBS. The surviving population of cells was grown to 80% confluence for three passages over 6 weeks. The cells that survived initial 5FU treatment were then exposed to 0.5 μg/mL 5FU for three passages (8 wk) and then 1.0 μg/mL for three passages (8 wk). Finally, the 5FU concentration was increased to the clinically relevant plasma concentration of 2 μg/mL and the cells were continuously cultured in 2 μg/mL 5FU, unless otherwise indicated. For all experiments, HT29 5FU-R cells was used at no higher than 15 passages from creation.

RNA extraction and RT-qPCR {#s4_5}
--------------------------

Total RNA was isolated from primary tumors or CRC cell lines using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). For lncRNA and mRNA detection, RNA was reverse-transcribed with a random primer using a TaKaRa Reverse Transcription Kit and amplified with SYBR Green Kit (Takara Bio Company) on an ABI PRISM 7500 Sequence Detection System (Applied Biosystems) with the housekeeping gene GAPDH (glyceraldehyde-3-phosphate dehydrogenase) as internal controls. The 2^-ΔΔCt^ method was used to determine the relative quantification of gene expression levels. The premier sequences are as follows: XIST (Forward): 5'-CTCTCCATTGGGTTCAC-3', (Reverse), 5\'-GCGGCAGGTCTTAAGAGATGAG-3\'; GAPDH (Forward): 5'-GCACCGTCAAGGCTGAGAAC-3', (Reverse): ATGGTGGTGAAGACGCCAGT.

Cell transfection {#s4_6}
-----------------

The small interfering RNA (siRNA) that specifically target human lncRNA XIST were designated as si-XIST (Genechem corporation, Shanghai, China). The XIST overexpression plasmid (p-XIST) or control vector (p-Vector) was purchased from Genechem. Forty-eight hours after planting CRC cells into 24-well plate, 100 nM of si-XIST or p-XIST as well as negative controls were transfected into the cells with Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. The oligoribonucleotide sequences are si-XIST-1 (sense): 5'GCAAAUGAAAGCUACCAAU3', (antisense): 5'AUUGGUAGCUUUCAUUUGC3' ; si-XIST-2 (sense): 5'GCACAAUAUCUUUGAACUA3', (antisense): 5'UAGUUCAAAGAUAUUGUGC3'; si-XIST-3 (sense): 5'CUAGAAUCCUAAAGGCAAA3', (antisense): 5'UUUGCCUUUAGGAUUCUAG3'.

Cell viability assay {#s4_7}
--------------------

Cell viability was quantified by using the Cell Counting Kit-8 (CCK-8, Beyotime Corporation, Shanghai, China). Briefly, 100 μl of cells from the different transfection groups were seeded onto a 96-well plate at a concentration of 2000 cells per well and were incubated at 37°C. At different time point, the optical density was measured at 450 nm using a microtiter plate reader, and the rate of cell survival was expressed as the absorbance. The results represent the mean of three replicates under the same conditions. Additionally, the concentration-dependent curves were generated based on the cell viability after the cells were cultured for 72h at different concentration of 5-FU. The results represent the mean of three replicates under the same conditions.

Immunofluorescence analysis {#s4_8}
---------------------------

HT29 cells were grown to 40% to 50% confluence and then transfected with 100 nM of p-XIST or p-Vector. After 48 hours of incubation, the cells were fixed with 4% paraformaldehyde and permeabilized in 0.2% Triton X-100 (Sigma-Aldrich) for 20 minutes. The cells were then blocked with 10% goat serum in PBS for 1 h. Cells were incubated with primary anti-TS (1:100, Cell Signaling Technology, Beverly, MA, USA) overnight at 4°C and then incubated with the appropriate rhodamine-conjugated secondary antibody for 1 h. The cells were then washed and incubated with DAPI (4\',6-diamidino-2-phenylindole, Invitrogen) for nuclear staining. The slides were visualized for immunofluorescence with a laser scanning Olympus microscope.

Western blot and antibodies {#s4_9}
---------------------------

The primary antibodies used for western blot were rabbit anti-human TS antibody (1:1000; Cell Signaling Technology) and rabbit anti-human β-actin antibody (1:1000; Cell Signaling Technology). Horseradish peroxidase(HRP)-conjugated anti-rabbit antibodies (1:5000; Santa Cruz Biotechnology, Santa Cruz, CA, USA) were used as the secondary antibodies. Cell lysates in 1× SDS loading buffer (60 mM Tris--HCl, pH 6.8; 2% SDS; 20% glycerol; 0.25% bromophenol blue; and 1.25% 2-mercaptoethanol) were incubated at 100°C for 10 min to facilitate sample loading for conventional western blotting analysis. The relative protein levels were quantified using densitometry with a Gel-Pro Analyzer (Media Cybernetics, Rockville, MD, USA).

Statistical analysis {#s4_10}
--------------------

Kolmogorov-Smirnov test was used to determine the normality of the distribution of data in each group. Data were presented as median (interquartile range). Differences in cell growth curves and cell cytotoxicity curves were determined by repeated measures analysis of variance. The differences of lncRNA or mRNA expression level between different groups were analyzed by the Mann-Whitney U-test or Kruskal-Wallis test. A log-rank test was used to analyze the statistical differences in survival as deduced from Kaplan-Meier curves. Receiver operating characteristic (ROC) curves were established to discriminate CRC responding patients from non-responding patients. Count dates were described as frequency and examined using Fisher's exact test. All differences were regarded as statistically significant when P\<0.05. Statistical analyses were performed with GraphPad Prism 5.01 (GraphPad Software, La Jolla, CA, USA).
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